High temperatures deleteriously affect cells by damaging cellular structures and changing the 41 behavior of diverse biomolecules, and extensive research about thermophilic microorganisms has 42 elucidated some of the mechanisms that can overcome these effects and allow thriving in 43 high-temperature ecological niches. We here used functional genomics methods to screen out a 44 cold-shock protein (CspL) from a high-productivity lactate producing thermophile strain 45 (Bacillus coagulans strain 2-6) grown at 37°C and 60°C. We subsequently made the highly 46 striking finding that transgenic expression of CspL conferred massive increases in high 47 temperature growth of other organisms including E. coli (2.4-fold biomass increase at 45°C) and 48 the eukaryote S. cerevisiae (a 2.7-fold biomass increase at 34°C). Pursuing these findings, we 49 used bio-layer interferometry assays to characterize the nucleotide-binding function of CspL in 50 vitro, and used proteomics and RNA-Seq to characterize the global effects of CspL on mRNA 51 transcript accumulation and used RIP-Seq to identify in vivo RNA targets of this 52 nucleotide-binding protein (e.g. rpoE, and rmf, etc.). Finally, we confirmed that a 53 nucleotide-binding-dead variant form of CspL does not have increased growth rates or biomass 54 accumulation effects at high temperatures. Our study thus establishes that CspL can function as a 55 global RNA chaperone. 56 57 Key words 58 Cold shock protein; CspL; global RNA chaperone; mRNA binding; heat shock response 59 60 104 105
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High temperatures deleteriously affect many types of cells by damaging cellular structures such 62 as lipid membranes and by disrupting the processing and/or functions of biomolecules such as 63 proteins and RNA (Richter et al., 2010; Tyedmers et al., 2010; Zwirowski et al., 2017; Yost et al., 64 1990 ). Thermophilic microorganisms are of scientific and industrial interest because of the 65 unique cellular and metabolic processes that enable them to remain viable and even thrive at high 66 temperatures (Olson et al., 2015; Chen and Wan, 2017) . While the nature of the mechanisms 67 conferring high temperature tolerance are diverse, they are typically grouped into conceptual 68 categories such as membrane metabolism (e.g., increased sterol content) (Daniel and Cowan, 69 2000), enzyme properties (e.g., increased numbers of disulfide bonds to improve protein stability) 70 (Liu et al., 2016) , post-translational processing of protein biosynthesis (e.g., phosphorylation for 71 regulating the activity of enzymes) (Kobayashi et al., 2017) and post-transcriptional regulation of 72 RNA metabolism (e.g., molecular chaperones including certain heat shock and cold shock 73 proteins) (Schlesinger 1990; Treweek et al., 2015; Phadtare et al., 1998; Thieringer et al., 1998; 74 Hudson and Ortlund 2014). 75 Several of the high temperature tolerance mechanisms discovered and characterized from 76 thermophiles have been successfully exploited as novel strategies to facilitate the growth of 77 mesophilic organisms (e.g., Escherichia coli and Saccharomyces cerevisiae) at elevated 78 temperatures, but progress in this area has been slow (Liu et al., 2014; Vanbogelen et al., 1987) . 79 Increased tolerance for growth at elevated temperatures offers potential applied benefits such as 80 decreasing the risk of contamination in non-sterile open fermentation, thereby substantially 81 reducing production costs over traditional sterile fermentation (Olson et al., 2015; Wang et al., 82 2012; Sun et al., 2017; Zheng et al., 2017; Murata et al., 2015) . Moreover, elevated fermentation 83 temperatures can in some cases cause faster microbial growth and increased overall biomass 84 production (Wallace-Salinas and Gorwa-Grausland 2013), making increased tolerance for high 85 temperature growth an industrially attractive trait. 86 Here, building on earlier work with a high yield of L-lactate acid thermophile strain Bacillus 87 coagulans 2-6 (DSM 21869). We used integrated multi-omics methods to identify candidate 88 genes associated with high temperature response and tolerance. Heterologous expression in 89 Escherichia coli of a gene encoding the cold shock protein CspL caused increased growth rates 90 and biomass production at both 37 °C and 45 °C; cells expressing cspL had a 2.4-fold increase in 91 biomass at 45 °C, while the cell morphology changed. We used bio-layer interferometry assays 92 to confirm the nucleotide-binding function of CspL, and used RNA-Seq, RIP-Seq, and iTRAQ to 93 characterize, respectively, the global effects of CspL on mRNA transcript and protein 94 accumulation and the in vivo RNA targets of this nucleotide-binding protein. We also show that a 95 nucleotide-binding-dead variant form of CspL does not confer increased growth or biomass 96 production at high temperatures. Moreover, growth increases at elevated temperatures were also 97 observed when we expressed cspL in Saccharomyces cerevisiae (2.7-fold biomass increase) and 98 Pseudomonas putida (1.4-fold increase). The GFP-expressing assay shows that it has no any supplement 1B). The iTRAQ experiment identified 275 proteins with differential accumulation 121 (p < 0.05, ≥ 2-fold change) between B. coagulans 2-6 cells grown at 37 °C or 60 °C (122 122 proteins increased and 144 decreased for the 60 °C samples; Supplementary file Tables 3 and 4) . 123 There were 38 transcripts/proteins that were differentially expressed in both the RNA-Seq and 124 iTRAQ datasets (24 increased and 14 decreased in the 60 °C samples; Figure 1B Table 5 ). Both KEGG, GO, and protein interaction network analyses 126 suggested enrichment among these candidate thermotolerant gene transcripts/proteins for 127 functional roles related to stress responses and post-transcriptional modification processes (e.g., 128 the global stress regulators RsbV and GsiB and the molecular chaperones Hsp20 and GroEL) Saccharomyce cerevisiae, and Pseudomonas putida 136 The strain heterologously expressing cold shock protein L (BCO26_1317; hereafter "cspL") 137 exhibited the most pronounced increases in growth (2.5-fold increase) and biomass production 138 (2.4-fold increase in dry weight) when grown at 45 °C ( Figure 1D and E). CspL shares 66% 139 identity with its closest E. coli homolog CspA. Interestingly, we observed similar increases in 140 growth and biomass production when we grew the strain heterologously expressing cspL at 141 37 °C (Figure 2A -C, Figure 3B ). We also overexpressed cspA in E. coli and this caused 142 significantly increased growth at both 37 °C and 45 °C compared to the empty vector control 143 strain; however, the growth increases resulting from overexpression of cspA were not as 144 pronounced as those resulting from cspL expression. Intriguingly, scanning electron microscopy 145 analysis revealed a striking morphological phenotype: for samples grown at both 37 °C and 146 45 °C, log-phase cells expressing cspL were shorter than WT cells and had a 'peanut-like' shape 147 ( Figure 3A ); note that a subsequent RNA-seq analysis showed that expression of cspL in E. coli 148 results in the differential expression of multiple genes associated with cell size/shape, including 149 ftsZ, merC, and merD (Zheng et al., 2016) (Supplementary file Table 6 ). 150 To explore the exciting possibility that cspL may also help increase the high-temperature 151 growth of other microorganisms, we heterologously expressed cspL in S. cerevisiae INVSc1 and 152 P. putida KT2440 and conducted growth assays at elevated temperatures (30 °C-38 °C in 2 °C 153 increments). In P. putida KT2440, both the growth rates and final biomass production of the 154 cspL-expressing cells significantly outperformed those of the wild-type cells at all the tested 155 temperatures ( Figure 3C and D). At 36 °C, the cspL-expressing cells accumulated 1.4-fold more 156 biomass than the empty-vector control cells ( Figure 3E ).
157
The high-temperature growth-promoting effects of cspL were even more obvious in S. 158 cerevisiae INVSc1. Not only did the cspL-expressing cells significantly outperform the 159 empty-vector control cells at all the temperatures tested, there was also an obvious 'step' trend in 160 the growth of cspL-expressing cells at each increment in temperature ( Figure 3F -G). These 161 suggest that CspL's growth-promoting effects in yeast are tightly linked to temperature. The 162 most pronounced increase was observed at 34 °C, with the cspL-expressing cells accumulating 163 2.7-fold more biomass than the empty-vector control cells ( Figure 3H ). Note that we did not As the structure of CspA has been characterized by X-ray diffraction and nuclear magnetic 170 resonance spectroscopy (Schindelin et al., 1994; Newkirk et al., 1994) , we used the CspA 171 structure (PDB ID: 1MJC) as a template to predict that the structure of CspL was also a β-barrel 172 comprising four flexible loops between five β-sheets that act as linkers to form a hollow structure 173 ( Figure 4A ). As CspA is known to bind RNA molecules (Giuliodori et al., 2010; Rennella et al., 174 2017), this structural similarity suggested that CspL may function as an mRNA chaperone to 175 confer the growth-and biomass accumulation-promoting effects that we observed in E. coli.
We therefore used in vitro bio-layer interferometry (BLI) assays to biochemically assess the 177 potential nucleotide-binding functions of CspL. In this analysis, we tested the interactions of 178 HIS-tag purified CspL (20 μg/ml) with variously sized 5′-biotin-labeled RNA and DNA 179 oligonucleotides that were immobilized to a scaffold using streptavidin. Representative data for 180 the association and dissociation phases of these assays are presented in Figure 4B and Figure   181 4-figure supplement 1. We found that CspL could bind both RNA and single-stranded (ss)DNA, 182 but it could not bind to double-stranded DNA (Figure 4 -figure supplement 1C-F). It was able to 183 bind RNA and ssDNA probes of 24, 6, and 5 nucleotides, but it was not able to bind RNA and 184 ssDNA probes of only 4 nucleotides ( Figure 4B ). As the sequences of the scaffold-bound 185 oligonucleotide targets were randomized, we speculate that CspL may function as a global 186 chaperone for mRNA and/or ssDNA. 187 Using the conserved domain analysis tools available at NCBI, we identified 11 amino acids 188 located in the putative nucleotide-binding domain of CspL and mutated all of them to alanine. 189 BLI analysis revealed that this variant form of CspL lost its nucleotide-binding capacity (Figure 190 4C). Consistent with the hypothesis that CspL's nucleotide-binding function is responsible for its 191 growth-promoting effects, we observed no significant increases in growth rates or biomass 192 production effects when we expressed this binding-function-dead form of CspL in E. coli and 193 grew the cells at 45 °C ( Figure 4D -E). Notably, we also generated a variant form of CspL with 7 194 residues mutated to alanine, and BLI assays showed that the nucleotide-binding function of this 195 variant was partially impaired ( Figure 4C ). Growth assays at 45 °C showed that the growth and 196 biomass production of this 7-mutated-residue variant were intermediate between wild-type CspL 197 and the nucleotide-binding-dead variant ( Figure 4D -E). We predicted the structures of mutant 198 proteins that both two mutations could not form a stable binding pocket ( Figure 4F ). These 199 findings further support our conclusion that the nucleotide-binding function of CspL confers its 200 observed effects and raise the prospect that it may be possible to tailor the nucleotide-binding 201 functions of CspL to promote growth at elevated temperatures yet further. Figure 5D ). 238 Our BLI binding assay data for randomized RNA sequences and our RNA-Seq data showed 239 that expression of cspL significantly affected the accumulation of transcripts for fully 35% of the 240 genes in the E. coli genome, supporting that CspL functions as a global chaperone for mRNA 241 transcripts. We were cautious in our interpretation of these data sets with regard to possible 242 trends of enrichment for particular annotation categories among the differentially accumulated 243 transcripts or the CspL targets. We did note significant enrichment for genes related to ribosomes 244 in the RIP-Seq data ( Figure 5E ), and moving forward it will be very interesting to confirm 245 apparent trends for the preferential targeting of any distinct subsets of mRNA transcripts by 246 CspL and to characterize any mechanism(s) that may confer any binding preferences ( Figure 5E Microorganisms have to survive a variety of stressful conditions. Temperature increases can 267 damage homeostasis, interfere with essential functions, and change cellular structures. In this 268 study, we report a novel cold shock protein, CspL. CspA from E. coli is the best studied bacterial 269 cold shock protein, and the cold-temperature sensing mechanism of cspA mRNA is known 270 (Giuliodori et al., 2010) . CspA is known to be an RNA chaperone that accumulates during 271 growth at low temperatures, and it affects both the transcription and translation of target genes 272 that promote low temperature survival of cells (Jiang et al., 1997) . Meanwhile, in our study, 273 overexpressing CspA could promote growth at optimal and elevated temperatures as well (Fig 2   274 A to C). Clearly, B. coagulans employs a cold shock protein to aid in high-temperature growth, 275 and evidently this CspL protein can promote the high-temperature growth of a large diversity of 276 microorganisms. Unlike CspA, which has a sophisticated 5'-UTR thermal sensitive region 277 (Giuliodori et al., 2010) , CspL does not have a similar UTR region in B. coagulans 2-6. 278 Additionally, we heterologously expressed CspL without the 5'-UTR, and the RNA binding 279 function still worked in other organisms. The RNA decay showed decay rate of some CspL 280 binding targets were decreased when cspA expressed in vivo as well. It might be indicated that 281 even both CspA and CspL could binding mRNA fragments, but different preferential targeting 282 ( Figure 6 ). 283 Previous studies reported that ơ E is essential for viability (De Las Penas et al., 1997) , and ơ E is To evaluate the growth of Bacillus coagulans 2-6 under different temperatures, cells were grown 322 overnight in 100 ml of GSY medium (20 g/l glucose, 10 g/l yeast extract, 5 g/l tryptone, 5 g/l 323 CaCO3) without antibiotics in 250 ml Erlenmeyer flasks at 37 °C and 60 °C on a rotary shaker 324 (200 r.p.m.). E. coli and Pseudomonas putida were grown in Luria-Bertani (LB) medium with 325 appropriate antibiotics at 37 °C, and Saccharomyces cerevisiae was grown in yeast extract 326 peptone dextrose medium (YEPD medium: 10 g/l yeast extract, 10 g/l peptone, 20 g/l glucose) 327 with appropriate antibiotics at 37 °C. Cell densities were monitored by measuring optical density 328 at 600 nm using a MAPADA V-1200 spectrophotometer. The overnight cultures were used to 329 seed fresh medium (OD600 of 0.1 at the time of transfer). Growth at 37 °C and 60 °C was 330 monitored every 2 hours throughout the incubation period. For dry cell weight measurements, a 331 30 ml cell suspension was centrifuged at 12,000 g for 8 min in pre-weighed microcentrifuge Database searches for MS and MS/MS spectra were conducted using proteomics discovery 369 software V1.2 (ThermoFisher, CA, USA). Mass spectra were analyzed using Bioworks software. 370 We generated a predicted protein database from the annotated B. coagulans 2-6 genome. The 371 peptide matches with an assumed charge state of z = 1 and an XCorr score of > 2.2, or charge 372 state of z = 3 and an XCorr score of > 3.75 were automatically accepted as valid. High scoring 373 peptide matches were automatically identified and retained. B. coagulans 2-6 genes in E. coli, S. cerevisiae, and P. putida. 393 PCR amplification was carried using the Phanta Super-Fidelity DNA Polymerase (Vazyme, 394 China) according to the manufacturer's instructions. The sequences of all the plasmids produced 395 were verified by restriction mapping and/or DNA sequencing. We cloned 38 genes from B. 396 coagulans 2-6 (SI Appendix, Table S5 ) into the pUC19 vector and then transformed these 397 constructs into E. coli DH5α competent cells. Positive transformants were selected on LB 398 medium plates containing ampicillin (50 mg/l) and were confirmed via PCR. We also cloned the 399 BCO26_cspL gene into the pYES2 and pME6032 vectors and then transformed these constructs 400 into S. cerevisiae and P. putida competent cells, respectively. Positive S. cerevisiae and P. putida 401 transformants were selected on YPD medium containing 50 mg/l ampicillin and LB medium 402 containing 25 mg/l tetracycline, respectively, and were confirmed via PCR. 403 The growth of the transformants at 37 °C and 45 °C was monitored via absorbance 404 measurements using a Bioscreen C ® analyzer (Labsystems, Finland). All transformants were 405 grown overnight at 42 °C and then inoculated into fresh media in Honeycomb plates (10 x 10 406 wells) containing the appropriate antibiotics. Quintuplicates of each engineered strain were 407 aliquoted into 200 μl wells. The plates were shaken continuously; readings were taken at a 408 wavelength of 600 nm.
409
Bio-Layer Interferometry (BLI) 411 DNA-protein binding kinetics were measured using the Octet RED96 System (ForteBio). In the 412 preparation stage, fixed concentrations (1 µM) of 5'biotin-TEG-labeled duplex oligonucleotide 413 probes representing the A or G alleles of rs7279549 (sequences are presented in SI Appendix, 414 Table S10) were immobilized on streptavidin-modified sensor surfaces. In the first phase, 415 nuclear protein extracts were allowed to interact with the DNA immobilized on the sensor 416 surface in dilution buffer for 300 s. In the second phase, PBS/Tween buffers were used to elute 417 the DNA-protein compound from the sensor surface; this phase was sustained for 300 s. BLI 418 experiments were repeated three times. 
